 Seven approaches present solutions for urban densification  Successful roof stacking requires integrating urban, engineering and architectural aspects  European cities have a great potential to be densified through roof stacking  30% of the population increase could be covered by roof stacking in Brussels
INTRODUCTION
Due to population and economic growth, globalisation and European integration, and land price and inner city problems, rapid urbanisation and urban sprawl phenomena have occurred (EEA, 2006; Vasili, 2013) . This has resulted in an increasingly large urban footprint and higher levels of CO2 emissions. New urban agendas have promoted the development of urban spatial frameworks. These frameworks adopt an approach toward sustainable land use management based on appropriate compactness, polycentrism, and mixed use through infill development or planned extension strategies, which prevents urban sprawl and marginalisation (United Nations, 2017) . Accordingly, multiple approaches are followed to achieve compactness and urban densification, such as infill development and roof extensions.
This paper provides a model for decision support to optimise urban densification through roof stacking, based on a triple analysis of the built environment at the urban planning, engineering, and architectural levels. In this paper, a methodology is developed to assess at different urban scales the primary potential for urban densification by providing more dwellings through roof stacking. It sets criteria to measure and map that potential in terms of location and added floors, providing guidance to urban planners and decision-makers establishing development programs based on quantified results and values. The significance of this research lies in the creation of a generic approach that relies on available information from a GIS database to evaluate and quantify the urban roof stacking potential and that further assists in the creation of maps that identify such characteristics and represent the location of that potential. This paper presents an integrative approach for decision making pertaining to urban densification through roof stacking, by which each of the urban, engineering, and architectural aspects is taken into consideration and illustrated in one workflow chart.
A review of the literature critically covers the evidence behind the choice of accommodating the growing population of Europe by densifying its major cities or by extending urban sprawl. Consequently, a method for 4 higher income receive an average of 4.1 million immigrants annually from lower income EU and non-EU countries. It is expected that the total net gain of immigrants in high income countries will reach 91 million by 2050 (United Nations, 2015) . This migration has multiple consequences for urban configurations and housing policies. It has been observed that immigrants, seeking the financial and social opportunities offered by large cities, settle mostly in urbanised areas (EEA, 2006) .
Urban sprawl and containment strategies
As a result of population and economic growth, globalisation and European integration, and land price and inner city problems, an urban sprawl phenomenon has developed (Vasili, 2013) . Marshall (2007) reported that urban growth increases with a frequency equivalent to and sometimes higher than population growth rate. At present, 75% of the European population lives in urban areas, and the urban population is expected to increase to 80% by 2020; however, seven European countries will have 90% of their population living in urban areas by 2020, but a large portion of these areas are sprawled. The major secondary effects of unplanned urban sprawl are increasing consumption of energy in both the building and transportation sectors (Steemers, 2003) , loss of land and soil (Attia & De Herde, 2010; EEA, 2006) , which threatens the natural and rural environment of Europe and contributes to the loss of farmland, increases in carbon emissions and effects on the local climate of the region (Angel et al., n.d.; Seto et al., 2011) , and numerous other problems, such as diminishment of soil infiltration, dependency on cars, and increasing costs of infrastructure, networks, and services (Marique et al., 2013) . Even if some effects related to high compactness, such as congestion, air pollution, increases of land prices, and others, are problematic and low-density developments are one of the preferred living accommodations (Gordon & Richardson, 1997; Howley, 2009) , the negative environmental and economic consequences of urban sprawl prevail. Several governments in Europe have attempted to limit urban sprawl through manifold integrated urban growth management strategies, bringing together municipalities, civil society, business, and economy. At the urban planning level, Pendall et al. (2002) classified urban containment strategies into three major types: green belts, urban growth boundaries (UGB), and urban service boundaries.
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The first type of urban containment strategy, the green belt, is defined as continuous green physical space that surrounds metropolitan regions and urbanised areas (Gennaio et al., 2009) . The goals of establishing green belts are to prevent neighbouring towns from merging with each other, check unrestricted sprawl, safeguard countryside from encroachment, preserve the special character of historic towns, and assist urban generation (Presland, 2016) . In Germany, approximately 60% of the planning regions have implemented green belt strategies in their development plants (Siedentop et al., 2016) . In England, around 13% of the land is designated as green belt (Presland, 2016) . However, as green belts are initially intended to conserve the biodiversity of the landscapes, one crucial performance criterion for green belts to ensure successful urban containment is belt tightness and the amount of land remaining for further development in the expansion area between the boundary and the belt (Siedentop et al., 2016) . A tight green belt can result in negative consequences, the most widely mentioned of which is known as "leapfrogging", which is characterised by the formation of satellite neighbourhoods around the green belt leading to undesirable impacts on the countryside (Westerink et al., 2012) . The second type of urban containment strategy is the urban growth boundary (UGB), which is defined as a regulatory line that separates and divides urban and rural areas. The area within the boundary is intended for urban use, whereas the area outside of the boundary is intended for rural use.
Zoning is used as a tool for defining and implementing the UGB (Vasili, 2013) . The UGB boundary may also be reassessed and extended based on current need to accommodate additional population (Bengston & Youn, 2006) . The third type of urban containment policy is the urban service boundary, which is more flexible than the UGB. An urban service boundary determines the boundary beyond which urban infrastructure is not supplied. However, in principle, this does not prohibit the expansion of developed area beyond the service boundary zone (Dearborn & Gygi, 1993; Poradek, 1997) . In conclusion, each of the urban containment strategies has its own drawbacks, which usually necessitates a wider framework at the regional and urban level to work simultaneously on urban densification and containment strategies to ensure best practises. Reasonable urban densification is a recommended and valid framework to limit urban sprawl and support containment strategies at the spatial, economic, and infrastructure levels.
Urban densification methods
Urban densification refers to the approach of compact city planning, which has been progressively argued since the 1990s and has been considered widely as a global applied planning concept (Jenks & Colin, 2010; Roo, 2000) . Three main characteristics define a compact city: dense and proximate development patterns, urban areas linked by transportation, and accessibility to local services (OECD, 2012) . Boyko and Cooper (2011) have explored definitions of densification and methods of measuring the density of cities. They propose an extensive comparison between densification and sprawl approaches in terms of mobility, land use, social equity, green spaces, energy, and their physical advantages and disadvantages. Other research has worked on the question: "where should densification occur?" Marique and Reiter (2014(a) ) claimed that the increase in density of existing neighbourhoods should be focused on the areas that are the best located and equipped with urban services. Densification along public transportation nodes encourages inhabitants to use fewer private vehicles for commuting and thus reduces carbon emissions in cities (Schmitt & Reardon, 2012) .
In some cases, densification is a solution with higher urgency due to inevitable pressures such as geographical or geo-political constraints.
Moving toward urban densification intends to provide a solution for accommodating a population increase in major cities or suburbs, while also counteracting sprawl outside of the city and encroachment on farmland and 7 green areas. Densification strategies are usually included in the planning policies of many European cities, with the goal of approaching sustainable urban development. However, densification may inherit several problems in land use policies as a consequence of the deviation between theory and practice (Williams, 1999; Davison, 1995; Knight, 1995) . More precisely, many contradictions may occur at different levels, such as the political, planning, and socioeconomic levels. (Breheny, 1992 (Breheny, , 1997 Williams et al., 1996) . Urban densification presents several risks, including increasing air pollution and congestion, modifying the urban morphology and architectural typologies, neglecting urban heritage, creating heat islands and wind discomfort (Reiter, 2010) , reducing daylighting and solar access (Marique & Reiter, 2014(b) ), putting pressure on urban infrastructure, networks, and services, among others. Moreover, several researchers have debated the correlation between high urban density and reduced use of automobiles (Williman, 1997; Breheny, 1995) .
Some research has highlighted the secondary effects of some types of densification on urban green areas (Byomkesh et al., 2012; Heezik & Adams, 2014; Rafiee et al., 2009) , with the goal of defining challenges to and strategies for flourishing urban green spaces (Bolleter & Ramalho, 2014; Haaland & van den Bosch, 2015) .
Several methods of urban densification have been implemented. The first method is densification by filling the "backyards" of existing buildings, thus creating a horizontal extension (Marique & Reiter, 2014(a) ). The second method, referred to as infill development, is the process of closing the gaps and vacant lots between buildings in the city (Marique & Reiter, 2014(a) ). A good example is the initiative made by the city of Cologne, called "Baulückenprogramm", by which 20,000 new dwellings were built by infill development (Attenberger, 2014; Stadt Köln, 2011) . The third method of densification is demolishing existing low-density buildings and replacing them with higher-density structures, for example high-rise buildings or compact-frame structures (Attia, 2015; Burton et al., 2013; Marique & Reiter, 2014(a) ).
A fourth method of densification is transforming and renovating saddle roofs on the top of buildings into wider and liveable spaces (Floerke et al., 2014; Tichelmann & Groß, 2016) . This method has the double benefit of making use of the negligible zone of the attic and helping to reduce the total energy consumption of the building by enhancing the quality of the roof and the building's insulation. A fifth method is densification through roof stacking, which is the method of concern in this research (Amer & Attia, 2017; Attia, 2015) . Roof stacking is simply the addition of stories to existing buildings to accommodate more inhabitants. The capacity for and number of added stories depends on several factors that will be discussed briefly in the following sections. Table 2 provides a summary and comparison of the various densification methods.
A part of the responsibility of local authorities is to define the densification need capacity and form Williams, 1997 Williams, , 1998 ) based on the characteristics of each city (geology, climate, urban morphology, types of buildings, mobility behaviours, transportation networks, etc.), while avoiding densities that are too high or too low and respecting both sustainable development and the quality of urban life. Table 1 , similar to the case for urban containment strategies, each method of urban densification has its benefits and drawbacks. Additionally, there are numerous cases of best practises for each type of urban densification strategy. The roof stacking strategy was selected in this work because it maintains the actual potential for urban green spaces, recreational areas, and urban services, while offering an opportunity to reduce the cost efficiency of energy consumption of a large number of existing buildings as a result of the roof stacking, which is a very important issue for the energy management of cities (Reiter & Marique, 2012) .
Although, in many cases, urban densification at the scale of the city will be achieved by combining the five aforementioned strategies, this paper focuses only on the roof stacking strategy and ways to avoid its disadvantages.
METHODOLOGY
There is currently a lack of tools to help city authorities plan a reasonable densification of urban areas that respects both sustainable development and quality of urban life. In this research, a methodology was developed to identify the potential for urban densification through only the roof stacking method. This research aimed to provide a model to aid decision support for increasing urban density by roof stacking at the city, suburb, or neighbourhood scales. The objective of the research was to develop a methodology for identifying the primary potential for urban densification by providing additional dwellings through roof stacking. According to this methodology, a map of the Brussels Capital Region was produced as a fast-track measurement approach to identify quantitatively the capacity to accommodate additional population only by providing additional dwellings on the roof tops of existing buildings in already urbanised areas.
The methodology developed in this paper aims to provide a generic approach for decision making pertaining to the roof stacking potential in European cities. Based on a literature review, a workflow chart is developed to explain the entire decision-making process for roof stacking. The workflow consists of three main phases, and each phase is explained in detail below. Then, the two first phases are validated based by an appropriate case study using the Brussels Capital Region. Criteria for mapping the urban densification potential by roof stacking are established and the roof stacking potential is identified based on urban regulations and limited structural information of the buildings using ArcGIS software and the information available in the Brussels GIS database. The presentation of the case study is followed by discussion and criticism debating the generalisation potential of the applied methodology at the scale of Europe and highlighting the limitations and potential development of the methodology to increase its robustness. The following sections describe the steps undertaken in detail.
The workflow chart
The workflow chart is a methodology that is applicable at different urban scales, such as the scale of a city, town, suburb, or specific neighbourhood. The proposed workflow chart, as shown in Figure 1 , is divided into three main consecutive phases of decision making. The first phase focuses on the urban and policies configurations of the selected urban cadastre. An urban cadastre includes the geometric description of land parcels with up-to-date land information. The second phase focuses on the generic structural configurations of the urban cadastre. The third and last phase focuses on the detailed architectural and structural configurations of each separate building and acquiring the owner's approval. On the basis of theory, the methodology provides the theoretical foundation for implementation of roof stacking at the urban level, while in practice, it is intended to represent a systematic approach for urban planners and decision makers at the municipal level. Thus, it represents a top-bottom approach on a strategic level for determining and estimating the potential of any city to accommodate increasing population by the means of roof stacking, while taking into consideration the different stakeholders at every level of the decision making process. One of the main objectives of the proposed workflow is to overcome the deviation in urban densification that has resulted from single-issue research approaches (Breheny, 1992; Williams et al., 1996) . The following sections describe each phase in detail.
 First phase: urban and policies configurations
The first phase of the workflow chart investigates the primary need and potential for densification though increasing the vertical heights of residential buildings according to the policies and regulations provided by the concerned municipality or city. These issues are decided and implemented by urban planners and decision makers at the municipal level. First, the need for densification is based on various reasons, such as the expected increase in population in a certain area, adhering to the urban agenda for compact cities, or even on individual requests to raise a rooftop. Second, some buildings will be listed as heritage buildings with either restrictions or prohibitions for modification. Once a building is listed as a heritage structure, minimal intervention or no intervention at all can take place. Then, the policies and regulations that allow roof stacking and an increase of buildings heights are reviewed by policy makers, who consider the maximum height, urban daylighting requirements, and accessibility to transportation networks and parking plots.
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Figure 1: Workflow chart
At this level of analysis, two principal pieces of information are defined: first, the demand for and applicability of densification through roof stacking, and second, the maximum height that can be achieved based on the urban configurations.
 Second phase: engineering configurations
In the second phase, the proposed decision making workflow utilises additional information provided by the GIS database to determine the potential and capacity for roof stacking at the building block level. Structural configurations of the buildings may be identified from existing data in the GIS database of the city. However, in this research, the structure and foundation type were identified based on the year of construction and the corresponding building prototypes in Brussels due to limitations in the available data. Based on the structural analysis of the existing buildings, soil, actual height, estimated additional weight per square meter, and the potential for roof stacking can be identified.
It is important to mention that the first two phases aim to provide only a fast-track measurement of the potential increase of the number of stories for each building. The uncertainty of the final results is inversely proportional with the available data used in the first two phases. The more data attained at the urban and structural level, the more accurate the results can be.
 Third phase: architectural configurations
The third and last phase is focusing on the detailed assessment of the blocks having potential for roof stacking. At this level, the participation of each of the architects, engineers, and homeowners takes place with direct coordination with the municipality. It represents the grass-roots level of decision making for roof stacking configuration at the building level. Given that the first two phases provide only approximate guidance, the third phase aims to provide actual and precise measurements. Once primary approval is achieved in the third level, detailed analyses on the architectural and structural scale are undertaken. At the structural level, detailed structural analysis should be done to calculate the actual strength of the existing structures.
According to the ISO 13822 (ISO 13822, 2010) , a statement of principles and procedures is provided to assess the structures of the existing buildings. Based on several factors, the type of tests, which may range from non-destructive testing methods (NDT) to destructive testing methods (DT), are identified (Runkiewicz, 2009 ).
Based on the strength of the actual buildings, precise estimations for the number of floors that can be added can be provided. While on the architectural level, existing architectural plans are acquired and new plans with the added stories are proposed, along with further calculations for the sewage and sanitation capacities and feasibility studies. Based on the results of the analysis, a second and final approval can be undertaken based on the feasibility studies made for the project. Accordingly, the implementation phase begins to take place.
CASE STUDY
Because this research is concerned with the potential for roof stacking specifically in the context of Europe, the Brussels Capital Region, as the capital of Belgium and the European Union, was chosen as a case study to validate the workflow and the methodology developed in this research. Among the cities in Belgium, Brussels has the fastest growing population, with an expected 190,000 additional inhabitants by 2040, and the additional challenge of the entire regional territory being fully urbanised (Deboosere, 2010; Paryski & Pankratieva, 2012) . The reason behind the city's population growth dates back to the 1990s as a result of two main phenomena. The first is an increase in the rate of international migration, prompted by individuals seeking better employment opportunities, and the second is the reinvigoration of birth rate. The population of Brussels increased by 225,000 inhabitants in just the 20 years preceding 2015 (an average of 11,250 people per year) to 1.100 million at the beginning of this year. Over the same period, the number of households increased by 75,500 units, with an average of 3,800 units per year (Dessouroux et al., 2016) . Thus, the change resulted in an average population density of the region of slightly more than 66 inhabitants/ha (including non-constructible areas, 2010 data). However, this density varies greatly from one neighbourhood to another. In 2010, the densest neighbourhood had 362.43 inhabitants/ha, while the least densely populated area had only 2.64 inhabitants/ha, which provides additional space to accommodate increasing population without loss of urban quality. The dominant socioeconomic groups living in the central part of Brussels are the middle-and low-income groups; the higher income groups live outside the city's centre (Dessouroux et al., 2016) .
As a consequence of the increase in the population of Brussels, the government has implemented several infill developments and housing projects. Approximately 5,000 housing units are being produced annually in Brussels. These housing units are divided into three main categories. The first category is public housing, which takes a 10% share of the housing units. Under the first category, there are two types of public housing provided by the government. One of these is social housing, which covers only 15% of the public housing development and consists of rentable housing for low-income households. One disadvantage of this type of public housing is the long waiting period between application and actual habitation. The remaining share of the public housing is in the form of subsidised housing, based on a public-private partnership, for which the cost of a square meter should not exceed 1500 EUR. This type of housing targets middle-income households.
The second category, which takes a 70% share of the housing units, is for private market built by private developers. The third category, with a 20% share of the total annual housing units, is basically for private ownership (Vanneste et al., 2008; Dessouroux & Romainville, 2011) .
Accordingly, there is an obvious shortage in the provisioning of housing for the low-and middle-income social classes, which creates a burden on the government to change its policies toward providing more housing for these classes (De Decker, 1990; De Decker, 2008) . The first reason behind the current lack of supporting public housing is the limited amount of public land that can be directed toward public housing. The second reason is the fact that the majority of the homes offered are more appropriate for the higher economic classes and less so for the economically lower ones because the price of land per square meter in Brussels is very high compared with peri-urban and rural areas in Belgium. The third reason is due to the "not in my back yard"
(NIMBY) effect, in which existing residents oppose social housing projects that are close to them. However, according to the Royal Decree "Urban Planning Charges", new regulations require 30% social housing, in some conditions, for new developments. Nevertheless, it is important to find new opportunities for land for middle-income households. In this section, the methodology developed to assess roof stacking potential is examined using the Brussels Capital Region as a case study to identify and quantify the number of dwellings that could be provided only through roof stacking and to answer the question of whether roof stacking can be a successful alternative solution to accommodate the expected population growth with a reasonable increase in urban density.
Urban & policies configurations
 Heritage buildings
Brussels comprises five sites under the protection of UNESCO, where urban intervention in the form of building densification is severely limited. Additionally, there are various sites subject to strong heritage protection. For zones of strong protection, intervention by roof stacking is excluded completely, so these zones were withdrawn from our mapping process of the densification potential of Brussels. There are also various sites subject to weak heritage protection. The weak protection zone has a restrictive criterion for densification of buildings, but it does not completely prohibit densification; therefore, we did include these areas in our mapping process of the densification potential of Brussels.
 Accessibility to transportation
An important challenge related to all forms of densification of the urban population is mobility and accessibility of various transportation infrastructures. The increase in population combined with an improved supply of public transportation and soft mobility networks should help Brussels embark on a transition toward more sustainable modes of transportation. In Brussels, the possibility that public transportation could absorb the expected population growth is quite feasible. The accessibility to public transportation in the Brussels-Capital areas is high (COOPARCH-RU, 2013): areas located within a radius of 600 m around primary public transportation stops (metro and train stations) and within a radius of 400 m around tramway stops cover more than 60% of the whole area of the Brussels Capital Region, and a large number of bus stops completes this potential. Moreover, a reasoned densification of Brussels should include the reinforcement of infrastructures for the soft modes network of transportation in order to facilitate walking, bicycling, and using electric bicycles, which have a real potential in urban environments because journeys are on average short. From this analysis, no building in the Brussels Capital Region was excluded from our mapping process of the roof stacking potential of Brussels on the basis of a lack of accessibility to transportation networks.
 Accessibility to parking areas
In Brussels, it should be easy to provide additional parking space for roof-stacked buildings in the peripheral zones because of the low build density there, but in the very dense areas of the city centre, location of these additional parking spaces is an essential requirement for good acceptance of urban densification. Even if the problem of establishing a car park is managed on a case-by-case basis, regional authorities could effectively increase parking spaces to meet the demand of the projected densification by adding parking levels to existing open-air car parks. building in the Brussels Capital Region was excluded from our mapping process of the roof stacking potential of Brussels on the basis of a lack of accessibility to parking area.
 Accessibility to public green spaces
There are nearly 4,000 hectares of green spaces in the Brussels Capital Region, representing approximately 25% of the territory. The density of public green spaces in 2010 was about 36 m² per inhabitant (COOPARCH-RU, 2013), whereas the sustainable urban planning recommendation is at least 10 m² of public green spaces per inhabitant (De Herde et al., 2009 ). Moreover, these green spaces are well distributed across Brussels' territory. From the perspective of accessibility to public green spaces, the population of Brussels could triple without any problem caused by roof stacking because densification by roof stacking increases the number of inhabitants without diminishing access to green spaces. There is therefore a very large potential for densification by roof stacking in Brussels with regard to green spaces. No building in the Brussels Capital Region was excluded from our mapping process of the roof stacking potential in Brussels on the basis of a lack of accessibility to green spaces.
 Maximum allowable building height
According to the urban regulations of the Brussels Capital Region, the height of the front façade has to be determined in accordance with the height of the two neighbouring facades: it cannot be less than the lowest reference height, cannot be more than the highest reference height, and not be more than 3 m above the lowest reference height. However, the allowable height for new or roof-stacked buildings may also be determined as the mean average height of the other buildings on the street. For simplicity, this last rule (mean height of the buildings on the street block) was applied to fix the maximum allowable height for roof stacking in Brussels in our mapping process for scenario 1, corresponding to the actual urban regulation in Brussels.
However, if we consider the possibility that this criterion of maximum height of buildings could be relaxed in the near future to facilitate the construction of new dwellings to accommodate the expected population increase, it seems important to select a minimum criterion of natural light accessibility, which is explained in detail in the following subsection.
 Accessibility to daylighting
Preserving the natural daylighting of existing buildings during an urban densification operation is obviously essential. For Brussels, there are no well-defined rules imposed to ensure accessibility to natural light, but the maximum allowable building height is a very strict criterion that also ensures this right to daylighting of neighbouring buildings. International research recommendations provide for the latitude of Brussels an acceptable limiting obstruction angle equal to 25 °, which must be taken from a height of 2 m above street level on the building's façade (Littlefair et al., 2000) . From this rule, the maximum building height can be identified for each building based on the relation between street width and existing buildings heights. This rule was applied to fix the maximum allowable height for roof stacking in Brussels in our mapping process for scenario 2, corresponding to an optimistic scenario for densification by roof stacking while still preserving the quality of life of neighbours.
Structural configurations of buildings
To estimate the potential number of stories that could be added to existing buildings, some information must be provided and investigated. However, at the urban level, detailed information can seldom be acquired, especially information pertaining to the structural analysis of existing buildings. Thus, in this method, a set of criteria to be utilised in a systematic approach to roughly estimate the potential number of floors that could be added to existing buildings using a minimum amount of information was developed. According to Figure 2 , some information is required to identify the potential for roof stacking: the type of existing building structure, soil properties, area of land plot, and number of existing floors. The estimated weight added per square meter is an additional piece information needed to estimate this potential number of added floors. However, in some cases, it is nearly impossible to acquire precise data from the GIS database at the building scale level, either 20 because of an absence of resources or because there were onsite changes that were not updated in the database. Thus, estimations for building configuration and soil calculations were set as explained below. Changes were observed in the building materials used, such that heavy bricks were replaced with lightweight bricks and wooden masonry joist slabs were replaced with lightweight concrete slabs.
The illustration in Figure 3 presents the percentages of the different residential building typologies before 1945. The majority of buildings were classified as middle-class houses, which represent 78% of the total. Figure 4 shows the typical layout of the middle-class house typology, which was selected in this study as a unified reference to building configurations in terms of percentage thickness of walls and foundation (Van de Voorde et al., 2015) . Accordingly, building materials and their properties could be identified easily and unified in the mapping test process. In this example, the average weight of walls was identified to be 1,900 kg/m 2 , that of wooden slabs was estimated to be 100 kg/m 2 , and live loads were 200 kg/m 2 . For buildings constructed after WWII, the average weight of walls was identified to be 1200 kg/m 2 , that of concrete slabs was 125 kg/m 2 , and live loads remained constant (Van de Voorde et al., 2015) .
 Soil allowable bearing capacity
In Figure 2 , three main categories of soil are presented: rocky, non-cohesive, and cohesive soil. It is important to note that this illustration represents only a generalised concept rather than the actual soil types of the Brussels Capital Region. However, the actual soil lies within this categorisation. According to the soils map of Brussels, more than seven types of soil exists. However, two distinct types are identified. The dominant soil is called Bruxellien, which consists of sandy sediment in the upper part of the city but basically of silty sediment 
 Estimated weight added per square meter
The weight of the added stories is within the category of lightweight construction. However, the new construction weight cannot be identified precisely unless final architectural and structural drawings are available. In this case, the value was estimated based on other projects that used lightweight materials and reached a value of 120 kg/m 2 (Lawson et al., 2010) , whereas practical and in-use lightweight housing modules reached 500 kg/m 2 , including live loads (Amer & Attia, 2017) . This rule was applied in our mapping process for the densification potential by roof stacking of Brussels. In the broader context, it is important to mention that the building materials used for roof stacking should be compatible with the existing building materials, the structure of each building, and the local supplier in the city.
OUTCOMES
The results and values were carried out and post-processed using ArcGIS based on the developed methodology. The numerical results have strong variations; however, the maximum number of additional floors respects the allowable height given for each building. The legend colour on the generated map is divided into four categories: no, low, moderate, and high potential for roof stacking, which are equivalent to the resultant values for each building with respect to urban regulations and building strength (see section 4).
Low potential for roof stacking was applied to values equivalent to one added floor, moderate potential was applied for values equivalent to two added floors, and lastly, high potential was assigned to values equivalent to three or more added floors.
Figure 5: Roof stacking potential presented in the number of additional floors with respect to strict urban regulations & buildings strength
According to the case study of the Brussels Capital Region (BCR), several factors were found to affect the potential for densification dramatically. Assuming that the BCR consists of a core, a first urbanised periphery, and a second periphery, both peripheries have lower densities. The highest potential for roof stacking with respect to the actual urban regulations and the strength of buildings is in the first periphery (see Figure 5 ) for two main reasons. The first reason, compared to the core of the city, which has the highest density values including neighbourhoods with a density equivalent to 362 inhabitants per hectare, the core cannot be further densified. The second reason is the average low mean height of the buildings in the second periphery, which limits the roof stacking potential in the less dense area due to the actual urban regulation.
On the basis of this observation, two different scenarios are presented in this research. The first scenario presents the potential for roof stacking in Brussels when applying the actual strict urban regulations. The second scenario presents a proposal in which urban regulations are not fully applied. The regulation related to allowable maximum height based on the mean height of the buildings on the street is excluded, and a more relaxed regulation related to the allowable maximum height based on daylight availability is proposed. This second scenario aims to increase the densification potential in neighbourhoods that currently have a low density and include many buildings with low height, while aiming to maintain outdoor environmental quality in addition to indoor daylight availability for neighbouring buildings. A second goal of this scenario is to facilitate the construction of a higher number of new dwellings to accommodate the expected population increase by 2040. Consequently, the second scenario results in a higher potential for roof stacking, improving the ability of the city to accommodate greater population in the coming years. Additionally, each scenario consists of two steps based on the steps presented in the workflow chart: urban and policies configurations and building structural configurations. Thus, the first step presents the values according to the urban regulations of the BCR, whereas the second step presents the values when considering the buildings' tendencies to hold more weight based on their actual structural capacity. The rationale for presenting both steps is to validate the proposed workflow chart by testing the influence of building strength on the resultant values. It is important to mention than the calculations were made based on the average living area consumed by an inhabitant, which is 35 m 2 . This area does not include the building service areas (stairs, hallways, etc.), which are equivalent to an addition of 9%. Thus, the total consumption of floor area is equivalent to 38.15 m 2 per inhabitant.
In the first scenario, by applying urban regulations (first step), it was found that the BCR is capable of hosting more than 60,400 additional inhabitants, which is equivalent to 32% of the expected increase in population.
However, when considering the actual building strength (second step), as shown in Figure 5 , the number is only reduced to 59,000 additional inhabitants, which is equivalent to 30% of the expected increase in population, a difference of 2%, which is equivalent to a roughly 50,000 m 2 reduction of roof stacking potential.
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In Figures 6 and 7 , the difference is presented at the municipality level, at which the 2% difference does not represent a large reduction due to the strict limitations provided by the actual urban regulations, which explains why Figures 6 and 7 appear to be similar. This comparison is further presented with numbers in Table 3 . When applying the first step of the second scenario of analysis, corresponding to flexible urban regulations respecting the daylighting rule, the potential for roof stacking increases dramatically. It was found that the BCR is capable of hosting more than 655,500 additional inhabitants, which is equivalent to 245% more than the expected increase; however, when considering the actual building strength, the number is reduced to 509,000 additional inhabitants, 160% more than the expected increase in population. The influence of applying the structural configurations of the existing buildings in the calculation of roof stacking potential at the city scale in this second scenario is huge, equivalent to an 85% difference in the population increase potential between the first and the second steps, which is contrary with the first scenario. In Figures 8 and 9 , which present the two steps of the second scenario, the differences in the densification potential of these steps at the municipality level are obvious, as is further illustrated with numbers in Table 3 . In the second step of the second scenario of roof stacking, when given the opportunity to expand the maximum allowable height, it was found that the underlying soil greatly affects the final results by modifying the maximum load acceptable for the buildings and thus their calculated strength. In the case of the BCR, the soil in the eastern and southern parts of Brussels is called Bruxellien and consist of sandy sediment with high allowable bearing pressure, but in the northern and western parts of the city, the soil basically consists of silt with low allowable bearing pressure. Accordingly, when comparing the first and second steps in the second scenario, the difference in the potential for roof stacking in the municipalities in the north is 25%, whereas the difference is only 16% in the municipalities in the south because these municipalities overlie stronger soil.
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However, from the technical perspective, it is possible to increase the height of the existing buildings, adding floors on a building that cannot hold more weight requires additional reinforcement and therefore extra budget.
Nevertheless, in this research, roof stacking that depends on the actual strength of the existing building and soil is only considered for reasons of cost efficiency. In the case study of Brussels, the roof stacking potential assessment relies on the total load bearing of the new structure on the existing bearing walls of the buildings, thus structural limitations affect these results.
The results produced for Brussels at the city scale using the second scenario show that there should be a real interest in re-examining the current urban regulations to take into account the great need for new housing in this city by 2040. Moreover, the potential number of dwellings produced by roof stacking densification based on this second scenario is enormous. However, such an increase in the building stock cannot be accomplished without simultaneously addressing different urban and social issues, such as increasing various urban services (schools, hospitals, etc.) and facilities, increasing the capacities of modes of public transportation in the densified parts of the city, having a global reflection on the alterations to urban morphology, social factors, and mobility issues, and assessing the impacts of this densification on urban sustainability, resiliency, and health. A first reflection on these aspects was already begun in section 4, which defined our case study, but a concrete modification of the current urban planning regulation on the maximal building height in Brussels would require a more detailed study of these different aspects and of all the potential consequences of such an increase in population on the existing living environment of Brussels.
FINDINGS AND DISCUSSION
Summary of the main findings
We found that limiting urban sprawl requires two different but concurrent approaches, applying urban containment strategies while also moving toward urban densification. Three urban containment strategies and five urban densification strategies were identified in this research. Each strategy has its own advantages and disadvantages in addition to the settings that determine their best practice conditions. Yet, we focused in this research on the roof stacking method as a sustainable approach toward densification through providing an opportunity to use urban infrastructure with higher efficiency, accommodate population increase, and reduce the cost of energy consumption of existing buildings, while still conserving urban green spaces. We highlighted the interest in applying the roof stacking method in European cities, especially those cities under geographical constraints or with large expectations of population increase and demand for housing within the city.
This research developed an integrated methodology for mapping and quantifying the potential for increasing urban density through roof stacking at different urban levels, such as the city, suburb. and neighbourhood levels. This method is based on the combination of three consecutive levels of decision making for roof stacking: the urban regulation, engineering, and architectural levels. This three-level approach secures the inclusion of the applied policies at the city level (top-bottom approach), technical support by specialists in the fields of urban planning, architecture, and civil engineering (intermediate level), and the participation of society (grass roots approach) in the decision making process. We strongly note the need to adapt current urban policies and regulations at the city level to provide additional opportunity to apply, in a reasonable way and with consideration of the quality of life in the city, the different methods of densification, and specifically roof stacking, and also note the importance of motivating local inhabitants and tenants with this idea and promoting its financial, social, and environmental benefits at both the individual and societal scale.
This research developed a detailed method for mapping the roof stacking potential with screening criteria. The method calculates the capacity of existing buildings to support additional floors added to the roof top, which is used simultaneously in the whole workflow of the decision making process. The screening criteria were transformed into a coding language within ArcGIS software for application to the Brussels Capital Region. We found that the GIS-based experiential information presented in this paper can be a valuable addition to other layers of analytical information in the geographical information system for urban planners and decision makers where the use of multiple types of information and their analysis are essential elements of planning. Through the application and the validation of the methodology for the Brussels Capital Region, it was found that the city can accommodate more than 59,000 additional inhabitants, which represents approximately 30% of the expected increase in population by 2040, by applying only roof stacking and increasing the height of existing buildings, while still respecting the actual urban regulations and the building strengths. In addition, a theoretical potential was proposed to accommodate more than the expected population increase by the same year, provided that the urban planning regulations are relaxed with regard to the height of buildings in the less dense area.
The results were compared to the results of previous research on urban densification in Brussels. In total, there are 887.6 hectares in the Brussels Capital Region that are constructible and therefore available for densification. However, these areas are currently empty. Out of the total area, 185.6 hectares of net land value is directed toward infill building land for housing and 702 hectares is allocated for large urban projects (COOPARCH-RU 2013) . These areas of large urban projects can be used to build residential buildings and urban services and to establish new areas of economic activity and facilities, such as schools, hospitals, sports facilities, and cultural facilities. If we consider that 185.6 hectares, which is equivalent to 1.856 km 2 , could be used for infill development, an estimated 20% of this amount can be allocated to building uninhabitable areas such as walls, which leaves only 80% of the total area, equivalent to 1.48 km 2 , for net residential functions. When this number is multiplied by 4, for an estimated 4 floors per building, it gives us a total of 5.93 km 2 of inhabitable area. Compared to the given potential by roof stacking, which is equivalent to 2.256 km 2 in the first scenario, we find that infill development has a potential for accommodating population that is more than two times higher that of the lowest estimate of roof stacking.
Thus, it seems preferable to retain a large part of the large urban projects in the city and to develop on these areas all the urban uses other than housing. This solution makes it possible to retain the potential to increase urban services and economic activities in parallel with densification of the population. The potentials of roof stacking and infill development can be combined to achieve the desired densification.
Moreover, there is enormous potential for land availability in the peripheral area of Brussels, where there are more than 6,000 hectares of land available for housing in Walloon Brabant and 3,800 hectares available in Flemish Brabant (COOPARCH-RU 2013). These areas, however, must remain the last densification solution because they are poorly served by public transportation, in particular, and because their development would increase urban sprawl.
It is important to consider that these values count only the estimated urban and structural potential of adding additional buildings or floors, without considering the social acceptance for each specific building plot, which will reduce these theoretical potentials. Yet, the key strength of this the proposed methodology is its ability to create maps and aid in decision making with the least amount of information.
Strengths and limitations of the research
Our work is the first of its kind to map urban densification potential by means of roof stacking. However, there have been other attempts at producing densification maps based on either abstract information on spaces and heights or merely on visual inspection. The methodology proposed in this research is precisely defined, and its application to the case study of Brussels is replicable. The method is parameterised and reproducible in other territories and at different scales and locations.
In this research, the methodology was applied using the case study of the Brussels Capital Region. However, the number of dwellings that can be created by roof stacking based on our study cannot represent the real value of probable densification through roof stacking in the near future; it represents only the maximal potential of roof stacking densification on the basis of our calculation assumptions. These assumptions include, for example, the actual urban regulations, but do not take into account the social acceptability that would be expressed by the building owners or neighbours. There are also limitations to this study pertaining to the level of precision of the data entry. For instance, the selection process of the tested buildings, which were built before 1975, was chosen for examination. The reason behind this selection was to guarantee roughly unified building materials and construction techniques. Therefore, buildings materials and their weights were estimated based on interviews with local experts in the field of construction and used in the calculation process with the main building typologies. Moreover, all buildings built before 1975 were taken into account, although some of these should preferably be destroyed (due to degradation or lack of maintenance during the history of the building) and others may have already been renovated extensively. Nevertheless, for a study at the city scale, these assumptions seem quite reasonable.
Lastly, the structural calculation in the second phase of the workflow chart is based on analysing the dominant housing prototype in Brussels, which creates a certain level of uncertainty in the numerical results. Of course, more detailed information will be used in the third phase of our methodology.
Future work
This research provides a universal methodology applicable to any city in Europe that needs to be densified to accommodate additional population and increase the energy and resource efficiency of its built environment.
However, the proposed methodology requires the usage of each city's local regulations and targets, such as targeted density, building regulations, maximum height levels, microclimate, mobility, infrastructure capacity, and urban health. Moreover, it requires stakeholder involvement in the decision making and planning process (OECD, 2017) . Thus, further application of this methodology for different cities would help refine any unexpected errors or missing information, which consequently would increase the method's robustness and validity for creating densification maps for roof stacking at the city level in different contexts. In addition, for the application to Brussels and validation of the workflow, we only went through the first two phases of the workflow. Accordingly, to valorise the research outcomes of the third phase, onsite implementations of cases of roof stacking need to take place, which would intensively include the third part of the workflow chart in the process.
We are aware of the importance of social acceptability when addressing urban densification and city compactness . Thus, integrated research related to social acceptability is vital to investigate the parameters that affect the acceptability potential of roof stacking at the neighbourhood level.
Such a process would include onsite surveys of neighbours and the homeowners whose properties have potential to be extended vertically based on the outcomes of this research. It is important to mention that the main focus of this research was to provide a methodology that would serve as a framework for decision makers at the city level for running quantitative analyses and achieving numerical expectancies to provide guidance for adapting urban regulations and subsidies. Thus, the case study aimed to validate the practicality of the workflow chart for decision makers, rather than to provide final numbers for future roof stacking projects. Moreover, the development of a sustainability indicator for efficient urban densification through roof stacking will be essential for implementation at the urban and strategic levels (Williamns, 1999) .
Lastly, further applications to different cities throughout Europe would help valorise the applied methodology and open further opportunities to develop an automated tool for estimating potentials with a wider scope.
Indeed, for further usability, an automated open source tool used by various GIS software products would help planners and specialists improve data entry at the regional level and create an open discussion platform for developing that tool and creating multiple maps.
CONCLUSION
Presently, urban planning agendas are promoting reasonable urban densification as a sustainable development approach toward increasing the compactness of cities. From this approach, this research presented a workflow scheme to support decision making while simultaneously identifying and mapping the potential for roof stacking. This article was developed in three phases: (1) a literature review, (2) development of a decision-making workflow and various screening criteria for assessment of roof stacking potential, and (3) validation of the proposed methodology using a case study: the Brussels Capital Region. This case study demonstrated the applicability of the developed workflow on a real city. The roof stacking potential in Brussels, based on the actual urban regulations (including a strict rule on building maximal height), provides 30% of the additional required residential living space in Brussels needed by 2040 due to population increase.
These results also show a real need for re-examining current urban regulations from the perspective of the roof stacking densification potential of cities, which are facing a need for a large number of new housing structures in the near future and a need for energy improvements of their old buildings stocks, provided that the consequences of this type of urban densification on the quality of life of the city's inhabitants are studied on a case-by-case basis and taken into account for sustainability.
Several challenges deter progress in developing such roof stacking projects on a broad scale. Some are specifically related to Brussels, and others could be universal, such as the "not in my back yard" (NIMBY) effect, which is the tendency of inhabitants to resist housing development projects in their neighbourhood.
Those that are specifically related to Brussels include the high price of housing construction. This tends to increase the gap between real demand and supply in the housing market and create a shortage in providing social housing. Another challenge is related to the housing market being constrained to ownership rather than to renting. However, the figures in Brussels show that renting is still higher than ownership, but it is relatively low compared to other cities in Europe, such as Berlin (Vanneste et al., 2001 ).
In conclusion, European cities have great potential to be densified through the roof stacking method.
However, it is important to mention that a successful process of roof stacking should integrate each of the urban and regulatory, technical and engineering, and architectural and social participation aspects. Thus, this article presented a strategic approach for roof stacking, while strengthening the importance of following a multidisciplinary and institutional approach in the application of such projects.
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